The mechanism of inactivation of cytochrome P450 2B1 (CYP2B1) by 4-tert-butylphenylacetylene (BPA) has been characterized previously to be caused by the covalent binding of a reactive intermediate to the apoprotein rather than heme destruction (J Pharmacol Exp Ther 331:392-403, 2009). The identification of a BPA-glutathione conjugate and the increase in the mass of the BPA-adducted apoprotein have indicated that the mass of adduct is 174 Da, equivalent to the mass of BPA plus one oxygen atom. To identify the adducted residue, BPA-inactivated CYP2B1 was digested with trypsin, and the digest was then analyzed by using capillary liquid chromatography with a LTQ linear ion trap mass spectrometer as the detector. A mass shift of 174 Da was used for a SEQUEST database search. The tandem mass spectrometry fragmentation of the modified peptide and the identity of modified residue were determined. The results revealed a mass increase of 174 Da for the peptide sequence 296 FFAGTSSTTLR 308 in the I-helix of CYP2B1 and that the site of adduction formation is Thr302. Homology modeling and ligand docking studies showed that BPA binds in close proximity to both the heme iron and Thr302 with the distances being 2.96 and 3.42 Å, respectively. The identification of Thr302 in the CYP2B1 active site as the site of covalent modification leading to inactivation by BPA supports previous hypotheses that this conserved Thr residue may play a crucial role for various functions in P450s.
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A number of acetylenic compounds have been shown to be effective mechanism-based inactivators of various cytochrome P450s in rat liver microsomes or purified reconstituted systems (Roberts et al., 1993 (Roberts et al., , 1995 Foroozesh et al., 1997; Blobaum et al., 2002; Kent et al., 2002; Lin et al., 2002) . Because the mechanism for the inactivation of cytochrome P450 2B1 (CYP2B1) by 2-ethynylnaphthalene (2EN) and 9-ethynylphenanthrene (9EP) involved covalent binding of the acetylenic compound to apoprotein rather than to the prosthetic heme moiety, these acetylenes proved to be especially useful for the identification of modified peptides at the active site of P450s (Roberts et al., 1993 (Roberts et al., , 1994 (Roberts et al., , 1995 . By using radiolabeled 2EN and 9EP as mechanism-based inactivators in the CYP2B1 reconstituted system and digesting the P450s with Lys C, trypsin, pepsin, or cyanogen bromide, the modified peptides were analyzed by mass spectrometry (MS) and sequenced on a polyvinylidene difluoride membrane. The results indicated that 2EN is adducted to a peptide with a sequence corresponding to positions 290 -314 in CYP2B1 and 9EP is adducted to a peptide with a sequence corresponding to positions 297-307 in CYP2B1. Both of these studies indicated that the modified residue is in the I-helix with the mass increase being equal to the addition of one molecule of inactivator plus one oxygen atom, and it was suggested that one of the Thr or Ser residues in the peptides was the site where 2EN or 9EP covalently modified the peptide. In several experiments with inactivated CYP2B1, the last residue that could be sequenced was the Glu301 that precedes Thr302, suggesting that Thr302 could be the modified residue. Thr302 in CYP2B1 corresponds to Thr252 in P450 101 and Thr268 in P450 102 (Poulos, 1991; Ravichandran et al., 1993; Hasemann et al., 1995) . It has been proposed that Thr252 in CYP101 and Thr268 in CYP102 are essential parts of a proton relay pathway that donates protons to the dioxygen bound to the reduced heme iron during catalysis (Raag et al., 1991; Ravichandran et al., 1993) . Moreover, site-directed mutagenesis of amino acids in this region has demonstrated the importance of Thr301 in catalysis of rabbit 2C2 and 2C14 (Imai and Nakamura, 1988) , Thr303 in rabbit CYP2E1 (Fukuda et al., 1993) , Thr302 in rat CYP2B1 (He et al., 1994) , and Thr303 in CYP2A1/2A2 (Hanioka et al., 1992) . Roberts et al. (1994 Roberts et al. ( , 1995 postulated that the covalent modification by 2EN and 9EP occurs by reaction of the hydroxyl group of Thr302 with a ketene intermediate of the acetylenic inactivator formed by the P450-catalyzed oxygenation of the acetylene (Ortiz de Montellano and Kunze, 1981; Ortiz de Montellano and Komives, 1985) . However, the identity of the residue modified in CYP2B1 by 2EN and 9PN in the peptide has not yet been unequivocally determined. By using a radiolabeled compound in conjunction with liquid chromatography-tandem MS (LC-MS/MS), our laboratory has recently identified Ser360 in CYP2B1 as the site modified by 17␣-ethynylestradiol (Kent et al., 2008) .
We have previously demonstrated that: 1) the inactivation of CYP2B1 by 4-tert-butylphenylacetylene (BPA) is very efficient and heme destruction does not contribute to the mechanism of inactivation, 2) BPA forms a covalent adduct with the CYP2B1 apoprotein with a mass increase of 174 Da, and 3) isolation and MS analyses of the BPA-glutathione (GSH) conjugate reveals a mass shift of 174 Da for the GSH adduct with the reactive metabolite . It is now feasible to identify sites of adduct formation in apoproteins without the requirement for radiolabeled compounds by using proteomics approaches. BPA-modified CYP2B1 was digested with trypsin and analyzed by LC-MS/MS. The mass shift of 174 Da observed after adduction of the apoprotein, and also for the GSH conjugate, was used to identify the modification site by using the SEQUEST database search.
Based on the crystal structure of CYP2B4 (Scott et al., 2004) , a CYP2B1 homology model was constructed, BPA was docked into the CYP2B1 active site, and the predictions from the docking studies were tested experimentally. The distances between the heme iron and the three residues that were suggested to be adducted by the SEQUEST search were examined.
Materials and Methods
Chemicals. Catalase, NADPH, GSH, L-␣-dilauroyl-phosphatidylcholine, BPA, and trifluoroactic acid (TFA) were purchased from Sigma-Aldrich (St. Louis, MO). Mass spectrometry-grade trypsin was from Promega (Madison, WI). All other chemicals and solvents were of the highest purity available from commercial sources.
Preparation of Modified Apoprotein. The CYP2B1 and reductase were expressed in Escherichia coli TOPP3 cells and purified according to previously published procedures (Lin et al., 2003) . Samples containing 500 pmol of CYP2B1 were reconstituted with 500 pmol of reductase, 50 g of L-␣-dilauroyl-phosphatidylcholine, 2 mM GSH, 50 units of catalase, and 2 M BPA in the absence (control) or presence (inactivated) of 1 mM NADPH in 500 l of 100 mM potassium phosphate buffer (pH 7.7) at 22°C for 10 min. After the inactivation, the reaction mixtures were denatured by 8 M urea at 60°C for 30 min followed by exchanging the buffer with 50 mM ammonium bicarbonate (pH 8.0) using Amicon Ultra centrifuge filter devices (Millipore Corporation, Billerica, MA). Aliquots (100 l) of the concentrated samples were reduced by using 5 mM dithiothreitol and then digested with 2 g of trypsin (Promega, Madison, WI) at 37°C for 18 h. The digested peptides were centrifuged at 16,000g for 10 min, and the clear supernatants were subjected to analysis by mass spectrometry.
Capillary LC-MS/MS Analysis Conditions. A Waters (Milford, MA) capillary LC system connected to a ThermoFinnigan LTQ linear ion trap mass spectrometer (Thermo Fisher Scientific, Waltham, MA) was used. Aliquots (25 l) of the digested peptide samples were loaded onto a reversed-phase XBridge BEH300 C18 capillary column (3.5 m, 0.3 ϫ 150 mm NanoEase column; Waters). The mobile phase consisted of solvent A (0.05% formic acid and 0.05% TFA in H 2 O) and solvent B (0.05% formic acid and 0.05% TFA in acetonitrile). Separation of the peptides was accomplished by using a linear gradient of 2% B to 50% B over 95 min followed by 50% B to 100% B for another 5 min at a flow rate at 5 l/min. The column effluent was directed into the LTQ mass analyzer. The electrospray ionization conditions were: 4 kV for the spray voltage, 300°C for the capillary temperature, 47 V for the capillary voltage, 100 V for the tube lens, 30 arbitrary units for the sheath gas, and 5 arbitrary units for the auxiliary gas. Data were acquired in positive mode by using Xcalibur software (Thermo Fisher Scientific) in data-dependent experiments where MS/MS data were collected on the 10 most abundant ions in the survey scan.
SEQUEST Database Search. Modified peptides were identified based on the cross-correlation (XCorr) score, reflecting the quality of the match between an experimental and a databasepredicted MS/MS spectrum (Bioworks, Thermo Fisher Scientific). Scores higher than 2.0, 2.5, and 3.6 for singly, doubly, and triply charged peptide precursor ions, respectively, were considered to be significant and verified by inspection of the fragmentation patterns. The probability score, a scoring algorithm in BioWorks software that is based on the probability that the peptide is a random match to the spectral data, was considered meaningful when it was less than 1 ϫ 10 Ϫ3 . The observed peptide masses were exported to the SEQUEST software in BioWorks3.3.1 and compared with the theoretical masses for the CYP2B1 peptides from ProteinProspector software (http://prospector.ucsf.edu) using the National Center for Biotechnology Information database. On the basis of the hypothesis that the insertion of an oxygen at the terminal carbon of an ethynyl moiety leading to an electrophilic ketene intermediate will result in the covalent modification of the apoprotein, the nucleophilic residues most likely to react with the carbonyl moiety to form a stable bond would be Thr, Ser, Tyr, Cys, and Lys (Roberts et al., 1993) .
Docking of BPA into the CYP2B1 Active Site. BPA was docked into the active site of CYP2B1 by using the energy-based docking software of AutoDock (version 4.0) (Morris et al., 1996) . A homology model of CYP2B1 was constructed based on a template of the CYP2B4 crystal structure (Protein Data Bank ID code 1SUO) (Scott et al., 2004) . The coordinates of BPA were built with ChemBioOffice 2008 (CambridgeSoft Corporation, Cambridge, MA), and the lowest energy conformations were obtained by the AM1 method. The flexible BPA was docked into the rigid CYP2B1 by using the Lamarckian Genetic Algorithm approach of AutoDock with the following parameters: mutation rate 0.02; crossover 0.80; maximal number of generations 2.7 ϫ 10 7 ; and local search frequency 0.06. The distances from the amino acid residues to the heme iron and BPA were determined by using PyMOL software (www.pymol.org).
Results
Purified CYP2B1 was inactivated by incubation with BPA under turnover conditions, the inactivated CYP2B1 was digested with trypsin, and the tryptic peptides were analyzed as described under Materials and Methods. The modification of neuclophilic residues in the active site of CYP2B1 by the addition of a reactive metabolite formed from BPA would be expected to result in a mass shift of 174 Da. A SEQUEST search using this mass shift suggested two modified peptides for the BPA-modified sample, but none were identified in the control sample. The search results are shown in Table 1 . The two modified peptides correspond to residues 296 -308 (FFAGTETSSTTLR) and residues 100 -109 (TIAVIEPIFK). The MS/MS spectra of the modified peptides were further analyzed with Xcalibur software and compared with the the- 308 giving a MH ϩ ion at m/z 1592.5 was suggested by the SEQUEST database search. The search indicated adduct formation at Thr302 with an XCorr score of 3.62 and a probability of 1.7 ϫ 10 Ϫ6 and the formation of an adduct at Ser303 with XCorr score of 3.48 and a probability of 1.1 ϫ 10 Ϫ4 for the doubly charged modified peptides. The predicted b and y ions of the singly charged modified peptide with the BPA adduct at either Thr302 or Ser303 obtained by using ProteinProspector are shown in Table 2 . Modification at Thr302 would yield an ion series in which b6 is 653.3, b7 is 928.3, y6 is 664.4, and y7 is 939.4. For modification at the Ser303, the ion series would be characterized by: b7, 754. 3; b8, 1015.4; y5, 577.3; and y6, 838.4 . The identity of the modified peptide was further confirmed by MS/MS fragmentation of the doubly charged precursor ion having an m/z 796.8. As shown in Fig. 1 , almost all of the expected fragment ions can be identified. In particular, the intensity of the singly charged fragment ions for y7, y8, y9, y10, and y11 and the doubly charged ions for y11, y12, and [MHϩ2H-2H 2 O] ϩ2 are very abundant, strongly indicating that the reactive intermediate of BPA with mass shift of 174 Da forms an adduct with either Thr302 or Ser303.
The identification of fragment ions b7 and y6 in the MS/MS spectrum is the key factor for assigning the actual site for the modification. The observation of the fragment ions at 910.5 and 664.5 is consistent with the theoretical b7-H 2 O and y6 ions formed by the modification at Thr302 and not at Ser303. For the modification at Ser303, the two predicted fragment ions at 754.3 for b7 and 838.3 for y6 cannot be detected. Although Ser303 has been suggested as a potential site on this peptide for the covalent modification by BPA, MS/MS analysis has revealed that the Thr302 is the predominant site, if not the sole site for the adduct formation, rather than the adjacent Ser303 residue. Peptide. Formation of an adduct of BPA at Thr100 in the peptide sequence 100 TIAVIEPIFK 109 with a MH ϩ ion at m/z 1304.7 was also suggested by the SEQUEST search. The search indicated an XCorr score of 2.90 and probability of 8.0 ϫ 10 Ϫ5 for the doubly charged modified peptide. The identity of the modified peptide was confirmed by MS/MS fragmentation of the doubly charged precursor ion with the m/z 652.8. The b and y ions for the modified peptide were predicted by using ProteinProspector ( Table 3) . As shown in Fig. 2 , almost all of the fragment ions for this modified peptide can be identified, suggesting that Thr100 may also be modified by a reactive metabolite of BPA. However, the relative MS/MS spectral intensities of the major fragment ions for the Thr302-modified peptide are higher than those for the Thr100-modifed peptide and the two search parameters, Xcorr and the probability score, for the Thr302-modified peptide are better than the Thr100-modified peptide. Therefore, on the basis of this proteomics approach, it may be concluded that Thr302 is the primary site and Thr100 is the secondary site in CYP2B1 for covalent modification by BPA.
MS/MS

Discussion
The results presented here are a follow-up to our previous publication on the inactivation of 2B1 by BPA . We reported previously that BPA is a very potent mechanism-based inactivator and that the inactivation is caused primarily by covalent modification of the apoprotein. Identification of a BPA-GSH conjugate demonstrated that the mass of the reactive intermediate is 174 Da, corresponding to the mass of BPA plus one oxygen. Deconvolution of the MS spectrum of the modified apoprotein revealed a mass increase equivalent to the addition of one molecule of BPA plus one oxygen atom, indicating that only one residue had been modified per molecule of CYP2B1. Here, we report that the reaction mixtures were digested with trypsin and analyzed by LC-MS/MS followed by a SEQUEST search for an increase in the mass of a tryptic peptide of 174 Da. The search results, summarized in Table 1 , suggested that Thr100, Thr302, and Ser303 may have been modified by a reactive intermediate of BPA. These three residues all are located in substrate recognition sites (SRSs) in the cytochrome P450 family 2 as proposed by Gotoh (1992) . Thr100 is in SRS-1 and located in the BЈ helix/loop region. Thr302 and Ser303 are in SRS-4 and located in the I-helix. The MS/MS fragmentation pattern in Fig. 1 clearly shows that formation of an adduct with Thr302 has higher confidence than Ser303 and Thr100. Because Ser303 is adjacent to Thr302, it might be expected that the reactive intermediate of BPA would preferentially bind to Thr302, and Ser303 may not be ad- 
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a XCorr value between the observed peptide fragment mass spectrum and the one theoretically predicted.
b Probability: scoring algorithin in the BioWorks software program based on the probability that the peptide is a random match to the mass spectral data. The b and y ion series for the Thr302-or Ser303-modified peptide with an MH ϩ ion at m/z 1592.5 were calculated from the theoretical b and y ions for the unmodified peptide with the increase of 174 Da by using ProteinProspector software. With the exception of the b7 and y6 ions, the rest of fragment ions for this peptide are the same for the modification site at either Thr302 or Ser303. Two different residues, Tyr75 and Cys239, were recently identified as the sites for covalent modification of the CYP3A4 apoprotein by raloxifene. However, only Tyr75 was identified by Yukinaga et al. (2007) , whereas only Cys239 was identified by Baer et al. (2007) . The possible reasons for the identification of different sites for adduct formation may include differences in the experimental conditions used for enzymatic digestion and differences in the sequence coverage for P4503A4 (Eggler et al., 2007; Yukinaga et al., 2007) . In addition, the Cys98 and Cys468 residues in CYP3A4 both were identified as being covalently modified by lapachenole. However, only one molecule of lapachenole was bound per molecule of protein (Wen et al., 2005) . Because we have identified more than one BPA-modified residue for BPAinactivated CYP2B1, two different residues were identified for raloxifene-inactivated CYP3A4, and two Cys residues in CYP3A4 were covalently modified by lapachenole, it now appears that covalent modification of an apoprotein by a mechanism-based inactivator may not be necessarily limited to one specific residue.
In addition to the results cited in the Introduction, more information on the catalytic role and importance of the conserved Thr residue in the I-helix has been obtained by studies using site-specific mutagenesis of that Thr. Some examples include: 1) studies have demonstrated that Thr302 in CYP2B1 and Thr302 in CYP2B4 are critical determinants for secobarbital and 2EN inactivation, respectively (He et al., 1996; Roberts et al., 1996) and 2) a decrease in the inactivation of 2E1 by 5-phenyl-1-pentyne and several naturally occurring isothiocynates and the reversible formation of a novel heme adduct of tert-butylacetylene were observed in the Thr303A mutant of 2E1 (Roberts et al., 1998; Moreno et al., 2001; Blobaum et al., 2004) .
Unlike the early investigations of the amino acid residues in the I-helix, there was relatively little interest in structurefunction analysis of the BЈ helix/loop region in the CYP2B enzymes until the CYP2B4 crystal structure became available. The crystal structure of CYP2B4 revealed that contacts between residues in the BЈ helix and residues in helices G and I play an important role in the opening and closing of the active site of the enzyme (Scott et al., 2004; Zhao and Halpert, 2007) . Extensive mutagenesis studies have demonstrated that residues 100 -109 (TIAVIEPIFK) in the BЈ helix/ Table 2 . Data presented are from the MS/MS spectrum of the precursor ion with [Mϩ2H] ϩ2 at m/z 796.8 obtained in the positive mode by using Xcalibur software. For modification at Thr302, the ions predicted for b7 and y6 would be 928.3* and 664.4*, respectively. The MS/MS spectrum shown here with the peaks indicated (910.5* for b7-H 2 O and 664.5* for y6) are consistent with modification at Thr302. For modification of the Ser303, the predicted fragment ions for b7 and y6 would be 754.3^and 838.4^, respectively. However, these two ions are not observed in the MS/MS spectrum. (Honma et al., 2005) . Homology modeling and docking studies have previously revealed that BPA is in close contact with I101 and I104 in CYP2B1 ). In addition, Thr100 is the most nucleophilic residue in this region with the potential to be attacked by a reactive intermediate of BPA. The formation of an adduct of BPA at Thr100 might be expected to alter substrate binding and subsequent catalysis. Halpert and co-workers have used site-directed mutagenesis to investigate the functional roles of Thr100, Thr302, and Ser303 in the metabolism of testosterone and androstenedione (He et al., 1994; Honma et al., 2005) . Their results indicate that: 1) mutagenesis of Thr302 resulted in a 5-fold larger decrease in 16␤-hydroxylase activity for testosterone compared with 16␣-hydroxylase activity, whereas 16␣-hydroxylase and 16␤-hydroxylase activities for androstenedione decreased in parallel, 2) mutagenesis of the Ser303 residue did not result in any significant alterations in testosterone or androstenedione metabolism, and 3) mutation of the Thr100 residue resulted in a 2-fold decrease in 16␣-hydroxylation activity for testosterone, whereas 16␤-hydroxylation activity decreased to a lesser extent. These site-directed mutagenesis studies suggested that Thr302 and Thr100, but not Ser303, may be in close proximity to P450-bound testosterone and play a critical role in the stereoselectivity for testosterone metabolism.
In the attempt to better understand our experimental results, BPA was docked into a model for the CYP2B1 active site that was constructed based on the crystal structure of CYP2B4 (Scott et al., 2004) . Using this model, the orientations of BPA with respect to Thr100, Thr302, and Ser303 residues in the CYP2B1 structure were investigated. As shown in Fig. 3 , the triple bond of BPA is positioned within the active site at a distance of approximately 2.96 Å from the heme iron. The shortest distances from BPA and the heme iron to the Thr100, Thr302, and Ser303 residues have been calculated and are shown in Table 4 . As can be seen, the Thr302 residue is in close contact with the ethynyl moiety of BPA with the distance being 3.42 Å. In contrast, Ser303 is pointed away from the active site cavity and thus would not be expected to interact with substrate. Compared with Thr302, Thr100 is relatively far from the heme iron and BPA, Table 3 . Data presented are from the MS/MS spectrum of the precursor ion with [Mϩ2H] ϩ2 at m/z 652.8 obtained in the positive mode by using Xcalibur software.
B' helix/loop region I-helix BPA T100 T302 S303 Fig. 3 . Results of homology modeling and docking studies for the binding of BPA into the CYP2B1 active site. Partial structures from the homology model are shown with the locations of Thr100, Thr302, and Ser303 indicated with respect to the heme and BPA. BPA was docked into the active site as described under Materials and Methods. The ethynyl moiety of BPA faces the heme iron. Shown are the I-helix (yellow ribbon), the BЈ helix/loop region (blue), the Thr100, Thr302, and Ser303 residues (white), BPA (green), the heme (red), and the axial Cys436 (yellow stick). suggesting that adduct formation at Thr302 would be favored. In short, our homology modeling and docking analyses are consistent with previous site-directed mutagenesis studies (He et al., 1994; Honma et al., 2005) . Thus, Thr302 is the primary site for adduct formation resulting in the inactivation of CYP2B1 by BPA.
Covalent Modification of
The trapping and elucidation of the structures of GSH conjugates of mechanism-based inactivators are widely used to determine the identity of the reactive metabolites when probing the mechanism of inactivation. The structure of the reactive intermediate of the compound that forms a GSH conjugate is generally believed to be the same as that that reacts with nucleophilic residues in the active site of the protein leading to covalent modification and inactivation. The pathways proposed for the formation of a reactive intermediate of BPA and the formation of a protein-bound adduct during the mechanism-based inactivation of CYP2B1 by BPA are illustrated in Fig. 4 . The ketene intermediate derived from oxidation of the acetylene by CYP2B1 may be oriented in the active site in such a way that nucleophilic attack by the hydroxyl group of Thr to form an ester linkage in the apoprotein adduct is facilitated. In conclusion, Thr302 has been identified as the principal site of BPA adduct formation in CYP2B1 leading to mechanism-based inactivation. Recently, our laboratory has reported that BPA is bound to Thr302 in CYP2B4 and inactivates the enzyme by causing steric hindrance . Mutagenesis studies of Thr100 and Thr302 to Val are underway to elucidate the involvement of the residues in the mechanism-based inactivation of CYP2B1 by BPA. 
